FFC NMR Relaxometers on Education Topologies, control techniques and electromagnetic devices by Roque, António et al.
978-1-4799-5743-9/14/$31.00 ©2014 IEEE 
FFC NMR Relaxometers on Education 
Topologies, control techniques and electromagnetic devices 
 
António Roque and José Maia 
Department of Electrical Engineering 
ESTSetúbal - Instituto Politécnico de Setúbal & INESC-ID 
Setúbal, Portugal 
antonio.roque@estsetubal.ips.pt, jose.maia@estsetubal.ips.pt 
Duarte M. Sousa and Gil Marques 
Department of Electrical and Computer Engineering 
INESC-ID 
Instituto Superior Técnico – Universidade de Lisboa 
Lisboa, Portugal 
duarte.sousa@tecnico.ulisboa.pt, gil.marques@tecnico.ulisboa.pt 
Elmano Margato 
Centro de Electrotecnia e Electrónica Industrial 
ISEL &INESC-ID 
Lisboa, Portugal 
efmargato@isel.ipl.pt 
Pedro José Sebastião 
Dep. de Fisica & Condensed Matter Physics Center (IST site) 
Técnico Lisboa – University of Lisbon 
Lisboa, Portugal 
pedro.jose.sebastiao@tecnico.ulisboa.pt 
 
 
Abstract—The Fast Field Cycling (FFC) Nuclear Magnetic 
Resonance (NMR) equipment has been mainly developed by 
engineers with a strong background in power electronics, control 
and physics. This technique has been widely used by physicists, 
chemists, biologists, pharmacists and food analysts. During the 
last decades, the development of this type of apparatus has been 
taking advantage of the power semiconductors, topologies of the 
power electronic converters, control techniques, computational 
tools and materials, among other aspects. In this paper, teaching 
aspects of using this type of equipment and technique in courses 
of physics and electrical engineering is described. 
Keywords—power electronics; control; semiconductors; 
experiment; computational tools 
I.  INTRODUCTION 
Fast Field Cycling (FFC) Nuclear Magnetic Resonance 
(NMR) is an experimental and powerful technique used to 
study the molecular dynamics of different types of compounds 
[1-4]. The main modules of a FFC NMR apparatus, represented 
in Fig. 1, are: 
- Power supply/Current source; 
- Magnet; 
- Control; 
- Radio frequency system; 
- Computer/Software; 
- Temperature controller. 
During the last decades, different solutions for each module 
have been developed. If during the early days of the technique 
this equipment was operated manually and was constituted by 
mechanical parts, the most recent solutions incorporate 
advanced electronic circuits and can also be digitally 
controlled. Furthermore, efficient and portable solutions have 
been developed [5-8]. 
 
Fig. 1. Main modules of a FFC NMR apparatus. 
As main requirement of FFC NMR equipment, the magnet 
current (iM) needs to be controlled in order to cycle as shown in 
Fig. 2. 
  
Fig. 2. Typical current cycle of a FFC NMR equipment. 
This type of equipment has been designed by teams joining 
Electrical, Electronic and Physics Engineers, which should 
have skills in the following topics (Fig. 3): 
- Power electronics; 
- Electromagnetic devices; 
- Control techniques; 
- Systems modeling and optimization; 
- Experimental techniques and protocols. 
 
Fig. 3. Main topics related with FFC NMR equipment. 
In general, the Electrical and Electronic Engineers are very 
active during the design and optimization phases. The Physics 
Engineers have an important role defining the specifications of 
the equipment, testing and validation phases. 
The developed prototypes are, in general, installed in NMR 
laboratories and have been used by master and PhD students’ 
and senior researchers from different areas, as for instance, 
physics, chemistry, biology, medical sciences and food 
industry. Furthermore, it has been also used as a platform to 
teach electric circuits equipment in Electrical Engineering and 
Physics Engineering courses. 
II. ELECTRIC CIRCUITS 
One of the core elements of the FFC NMR equipment are 
the power supplies, which have been improved taking 
advantage of several technological aspects. Starting with the 
topologies used at the early days of the technique and crossing 
the different known solutions [5-11], the FFC NMR power 
supplies are an effective tool to teach: 
- Electric circuits design and analysis (RL, RLC, …); 
- Semiconductors (Bipolar transistor, GTO, IGBT, 
MOSFETS, …). 
- Protection circuits. 
A circuit implemented in the early days of the FFC NMR 
technique is shown in Fig. 4. This circuit uses variable resistors 
to change the magnet current and a switch (S) in order to 
commute the magnet current. 
 
Fig. 4. Electric circuit with variable resistors and a switch. 
The electric equation corresponding to the Fig. 4 circuit is: 
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Other circuits and topologies used as power circuits of FFC 
NMR apparatus are represented in Fig. 5, Fig. 6 and Fig. 7. 
 
Fig. 5. Electric circuit with semiconductors in parallel. 
The solution shown in Fig. 5 is an interesting solution since 
semiconductors (IGBTs) are placed in parallel. In this case the 
collector-emitter voltage (VCE) of the IGBT is proportional to 
the gate-emitter voltage (VGE) in order to c
current. The corresponding electric equation i
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Fig. 6. Solution based on the chopper circuit. 
Fig. 7. Solution that can have IGBTs or MOSFETs. 
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Fig. 8. Solution that can have IGBTs 
III. ELECTROMAGNETIC 
TECHN
Other important issue r
equipment is the magnet desi
cored solenoids manufactured 
[10-11] or can be electromagne
Usually, the design of 
knowledge of optimization tech
Two examples of FFC magn
Fig. 10. These solutions are c
been taking advantage of mater
as for instance, the iron or the c
Fig. 9. FFC NMR electromagnet. 
 solutions, FFC NMR power 
power bipolar transistors were 
ower semiconductors are also 
conductors require, in general, 
rcuits. A solution based on the 
a snubber, a filter and a Zener 
 
or MOSFETs with protection circuits. 
DEVICES AND OPTIMIZATION 
IQUES  
elated with the FFC NMR 
gn. These magnets can be air-
with aluminum or copper [1-4], 
ts [5-7]. 
these magnets requires the 
niques and programming skills. 
ets are shown in Fig. 9 and  
onceptually different and have 
ials with distinct characteristics, 
opper. 
 
Fig. 10. FFC NMR air cored magnet (solenoid type). 
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IV. CONTROL 
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 AND FINAL REMARKS 
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